Abstract
Introduction
Pico-projectors are attractive because of the ability of displaying high resolution, large projected image, good brightness, over small power consumption, compact size and low cost [1] [2] [3] [4] . Liquid-crystal-on-silicon (LCOS) and digital light processing (DLP) are the two mainstream technologies for realizing such projection display. LCOS has the advantages of combining matured LCD technology together with the best semiconductor technology in silicon. Color-Filter (CF) type LCOS [5] projector, which integrates color filters on silicon for achieving colors, illuminated by white light LED, is the most promising configuration to be embedded into mobile phones, because of its compact size and low cost.
Polarization conversion system design is an important topic for improving the efficiency of LCOS projection system, since only light with one certain polarization state could be utilized by the LCOS panel. A polarization state (PS) converter is generally used in traditional large projectors [6] . Lense arrays are used for concentrating light beams onto the PS converter. This kind of PS converter needs to be precisely aligned with the lens array.
Otherwise light efficiency will be greatly reduced. At the same time, with the increasing demanding of compressing system size, the width of the PS converter is reduced. This will greatly increase the fabrication difficulty and the cost. Other polarization conversion designs were proposed, such as Dual Paraboloid Reflector System [7] . However it is only applicable to UHP lamps.
LEDs have the advantages of high power efficiency, small emitting surface, long life time, good chromatic performance, high reliability and green product compliant. In this paper, we propose an ultra compact polarization recycling system for white light LED based projection system. By optimizing the illumination optics and properly placing a reflective type polarization film, the light with non-useable polarization state can be reflected back on to the phosphor surface. The yellow phosphor will be re-excited by the blue spectrum component of the reflected light. Part of the scattered re-excited white light would also be collimated by the condensers and collected on the imager. Experimental results also show that more light energy will be recycled by attaching a piece of quarter wave plate (QWP) before the reflective type polarization film. It is because that the scattered light is with partial polarization state. As a result, more than 30% light efficiency improvement is obtained
CF type LCOS projector configuration Figure 1. A Schematic diagram of Single LED CF-LCOS Projection System
The Schematic diagram of a single white light LED CF-LCOS projection system is shown in Figure 1 . Light comes out from LED emitting surface, usually with very large emitting cone angle. Illumination optics is designed to re-direct the light ray onto LCOS microdisplay with a certain F/#. This light energy within certain F/# will be projected onto screen through projection lens placed after polarization optics. Polarization optics is a must component for LCOS type projector, because only certain polarization light state is useful and will be modulated by the LCOS. 
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There are three main types of components that could be applied as polarization optics component. The LCOS imager could be placed either at A or B position, depending on the property of polarization optics components applied. Besides, a pre-or a post-polarizer should be placed accordingly for improving the system contrast.
Optimization
Four main factors, which will determine the overall system efficiency and final energy output are power efficiency of LED, Collection efficiency of illumination optics, polarization optics including polarization recycling method, and of course the reflection of imager. Conventionally, optical components like lens array and light pipe are widely used in the illumination optics design, for obtaining uniform light distribution. While, these kinds of structures have the disadvantages of large size and are not suitable for picoprojector module, which is designed to be embedded in to mobile phone.
Simple illumination optics, which includes only 2 pieces of condensers, is optimized. The optimization target is not only for uniform illumination on imager with small F/# and high efficiency, but also that light with un-usable polarization state should be reflected back on the LED light emitting surface.
So, the polarization recycling could be realized by placing a piece of reflective type thin film polarizer at a proper position, reflecting the light with un-usable polarization state. The white light will be concentrated back on the emitting surface, which are covered yellow phosphors. Because of the property of yellow phosphor, light with corresponding exciting wavelength will reexcite the phosphor and gain more white light energy. This reexcited light will also be scattered out and re-direct by the condenser.
As shown in Figure 2 , if glass PBS is applied as the beam splitter, a pre-polarizer is require for compensating the system contrast. Conventionally, a single absorptive type polarizer is attached, , as shown in Figure 3 (a), because of its good extinction ratio. In our case, the reflective thin film polarizer is inserted before absorptive polarizer, acting as not only pre-polarizer, but also polarization recycling component, as shown in Figure 3(b) . Moreover, an extra piece of QWP attached, as shown in Figure 3 (c), is also helpful for efficiency improvement. Because the polarization state of reflected light is transformed from linear to circular. Part of the reflected light could maintain its polarization state, and converted to usable polarization state after passing through QWP again.
Results
We made several real samples of above described optimization, utilizing XR-E LED from CREE. Three different types of prepolarizer combinations are applied. And the light output after the different types of pre-polarizer was measured respectively. The Light output was measured by integrating sphere of 0.5m diameter.
The measured results are show in Table 1 . It is observed that only 43% of the light with desired polarization could be obtained by conventional absorption type thin polarizer. If adding 1pcs of reflective type polarizer before the pre-absorption type polarizer, the transmission efficiency will be increased from 43% to 48%. 1 more piece of QWP helps further increasing the efficiency to 56%. More than 30% improvement is obtained without increasing system dimension. Totally, about 540K color temperature drops, because relative more energy excited at the yellow spectrum range.
The spectrum comparison of with and without polarization recycling is recorded and show in Figure 4 . More yellow light could be observed through the normalized spectrum distribution. 
Conclusion
We have reported a compact polarization recycling system, optimized especially for white light LED based LCOS projection display. The recycling is realized by reflecting light with nonusable polarization state, and optimizing the illumination optics, so that the reflected light could be concentrated back to the LED phosphor surface. The phosphor will be further excited by the reflected light blue spectrum. Experimental result shows a more than 30% light efficiency improvement without increasing the system dimension and at very low cost. Moreover, this method does not have the alignment issue. It is very suitable for mobile phone pico-projector, in which compact size and low cost are most emphasized.
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